' INTRODUCTION
Adsorption of atmospheric trace gases on microcrystalline water ice particles in the upper layers of the Earth's atmosphere are considered today as one of the most important processes of atmospheric chemistry providing the occurrence of many key reactions that are impossible under the purely gas-phase conditions. 1, 2 Such processes are, for example, the accumulation of atmospheric trace gases on ice particles of cirrus clouds in the upper troposphere and heterogeneous reactions on the surfaces of polar stratospheric cloud (PSC) particles in the stratosphere. Furthermore, interactions of atmospheric trace gases with surfaces of the ice shields in polar regions play a crucial role in tropospheric chemistry both in the Arctic and in Antarctica. 3 The primary steps of this accumulation are adsorption/desorption processes. In this respect, oxidants such as hydrogen peroxide H 2 O 2 and methyl hydroperoxide CH 3 OOH (MHP) are very interesting because they can undergo further reactions in the ice. 4 In polar regions, H 2 O 2 and CH 3 OOH are the only detectable hydroperoxides both in tropospheric air or snow and ice and hence have received special attention. 5 Methyl hydroperoxide is the most dominant species of organic peroxides over the ocean waters and is washed out of the troposphere by rain or snow fall. MHP is mainly produced in the atmosphere by the oxidation of CH 4 according to eqs 1 and 2.
Whereas the adsorption of the H 2 O 2 on the ice surface is described in detail, 6 the interaction of the MHP molecule with the ice surface, however, has so far only been scarcely studied. 7 Moreover, among the complexes formed by MHP, only several representatives are considered. From experimental study, 8 it follows that the water solubility of MHP is not high in comparison with H 2 O 2 (the corresponding Henry's constant of MHP is approximately 200 times lower than for H 2 O 2 ). Thus, during the MHP interaction with the surface of ice particles, the adsorption modes of MHP should prevail over the solubility. The corresponding value for standard enthalpy of solution ΔH 0 (298) obtained in ref 8 was À43.6 kJ mol À1 , close to À44.2 kJ mol À1 obtained in earlier studies of Lind and Kok. 9, 10 The MHP dimer was studied by Alkorta and Elguero, 11 Du et al., 12 and by Kulkarni et al. 13 with emphasis on the chirality of the complex structures. It was shown that the BSSE-corrected binding energy at the MP2/6-311þþG-(2d,2p) level was 38.6 kJ mol À1 (BSSE þ ZPE-corrected value 31.5 kJ mol À1 ). 13 The MHPÀH 2 O 2 complex was described by Du and Zhou. 14 The most favorable geometry of the complex was found to be a five-membered H-bonded ring structure with dangling CH 3 and peroxide HO fragments with a binding energy of 38.8 kJ mol À1 at the MP2/6-31þþG(2d,2p) level (BSSE þ ZPE corrected value 22.7 kJ mol À1 ). 14 The most detailed study on the interaction of MHP with water clusters was performed ABSTRACT: The low-temperature interaction between methyl hydroperoxide CH 3 OOH (MHP) and the hexagonal water ice surface was studied using DFT (BLYP/6-31þþG(d,p)) calculations. The structures, energies, and some thermodynamic properties of the molecular complexes between MHP and the water clusters (H 2 O) 48 , (H 2 O) 56 , (H 2 O) 72 representing the surface fragments of the (0001), (1010), and (1120) crystallographic planes of the hexagonal oxygen lattice of the water ice Ih with proton ordering corresponding to Pisani's P-ordered model were calculated. The various modes of coordination and intrusion were studied using the extended set (up to 192 points for each plane) of the structures optimized at the semiempirical (PM3) level. The validity of the surface models was verified by the stability of the results obtained in the cluster series (H 2 O) n , (n = 48, 72, 192, 216) at the semiempirical level as well as by DFT calculations of selected structures at the BLYP/6-311þþG(2d,2p) level.
The Journal of Physical Chemistry C ARTICLE most recently by Kulkarni et al. 15 In their investigation, the structures of MHP complexes with unconstrained water clusters (H 2 O) n (n = 1À5) were studied at MP2/6-31G(d,p) and MP2/ 6-311þþG(2d,2p) levels and the molecular interactions were thoroughly analyzed with emphasis on the role of microsolvation in the MHP oxidation reactions in the liquid phase. It was found that the binding energy of the binary complex MHP 3 H 2 O at the MP2/6-311þþG(2d,2p) level is 32.3 kJ mol À1 . The total BSSEcorrected binding energy of the largest considered cluster MHP 3 (H 2 O) 5 is 173.7 kJ mol À1 (ZPE-corrected value 159.0 kJ mol À1 ), which gives 29.0 (26.5) kJ mol À1 per molecule. In all of the optimized clusters, the MHP molecule was located at the cluster surface keeping its hydrophobic CH 3 fragment dangling outside.
There are so far no experimental data on the MHPÀH 2 O complexes available although hydroxymethyl hydroperoxide has been studied by photodissociation spectroscopy. 16 However, theoretically estimated IR spectra of MHPÀH 2 O complexes and clusters have been reported.
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In connection to the MHPÀice interaction, it is worthwhile to mention the studies on the effects of the molecular environment on the MHP reactivity in the gas and condensed phases. 17, 18 In ref 17, the aqueous phase photooxidation of ammonia with H 2 O 2 and MHP was studied under simulated droplet conditions and it was shown that the kinetic photochemical yield was sensitive to the pH value. Urakawa et al. 18 have shown that the waterÀMHP coordination on the metal center is important in the catalytic reactions of epoxidation of olefins.
In our investigation, we studied the interaction of the MHP molecule with the ice surfaces considering extended cluster models of ice with emphasis on the structures and energies of the adsorption complexes formed on the ice surface and after intrusion of the deposited MHP molecule into the ice crystal. The main goals of our study were to obtain the data regarding the adsorption ability of atmospheric ice particles for MHP molecules and to estimate the possibility for MHP molecules to participate in further chemical and photochemical reactions at the gasÀice surface interface. Special attention has been paid to the question of how the different coordination modes contribute to the adsorption energy and to the use of proper models for the ice surface reliable enough to obtain results that are independent from the model size. For this purpose, we used the extensive preliminary exploration of the adsorption sites feasible on different crystallographic planes to select the coordination sites preferable from the energetic point of view. The selected set of the structures found in this preliminary search was used further to calculate the adsorption parameters on the higher theory level.
In addition to its high relevance for troposphere À ice (snow) surface chemistry, the system of interest has also been considered close to middle atmospheric conditions: T = 180À220 K, the low pressure of air and extremely low concentrations of the adsorbed molecules. Under these conditions, the structure of the water ice mostly corresponds to the crystalline hexagonal phase (Ih) with a well-defined surface and the deposition of MHP can be considered as a single-molecule adsorption.
' SURFACE MODELS AND THEORETICAL METHODS
The MHP adsorption on ice crystals has been modeled within the molecular cluster approximation. For this purpose, a series of clusters (H 2 O) n , (n = 26, 48, 56, 72, 108, 192, 216) with the hexagonal ice-like oxygen lattice structure has been constructed as models of the ice surface. , are distinguished not only by orientation but also by the number of boundary atoms that were fixed during the geometry optimization. Because of the large cluster size, we can show in figures only the most important structures. Hence, Figure 1 216 demonstrating the series of structures of extending size used below to assess the crystal environment effects.
The preliminary calculations performed on both DFT and PM3 levels show that the cluster (H 2 O) 26 is too small to properly describe the MHP location on the ice surface: during the optimization, the molecule was forming the additional bonds with the fixed boundary atoms, which resulted in a serious error for the energies. Therefore, the minimal clusters used in the further modeling were (H 2 O) 48 The proton ordering in the ice model deserves a special discussion. The ice crystal has the random disordering of the H sublattice, which results in exponential growth of the feasible structures when the size of the cluster increases. All of the structures have different adsorption ability and different contribution into the average adsorption energy of the bulk ice. Recently, we estimated the differences in the adsorption ability of the clusters with various proton ordering modeling the H 2 O 2 adsorption on a variety of different (random) proton-disordered structures of (H 2 O) 11 composition. 21 The results obtained at the B3LYP/ 6-31þþ(d,p) level showed that the effect of different proton ordering on the H 2 O 2 adsorption energy is not very pronounced although it is noticeable. The differences in the adsorption energy are about 10À15% of the maximum value, which is comparable or lower than the uncertainty of the quantum chemical method or the cluster approximation itself. Therefore, in this work we used the simplified model with the proton ordering proposed earlier À P-ordered ice model of Pisani. 22, 23 This model is simple for construction and calculation, provides the proper physical parameters both for slabs and clusters (e.g., dipole moment of the bulk ice is close to zero) and it was already successfully used previously in adsorption studies. 24 Because the changes in the surface proton ordering result in 10À15% of adsorption energy, 21 we consider this value as an intrinsic uncertainty of the model used here. The quantum chemical method used throughout the studies of the minimal clusters (H 2 O) 48 and (H 2 O) 56 was the density functional theory at the BLYP/6-31þþG(d,p) level. For the whole cluster series including the larger structures, we used the PM3 method to investigate the agreement between the results obtained for small clusters with the larger models. Because of difficulties in combining the different empirical potentials developed for the pure water (TIPnP, SPC, etc.) with the potentials developed for the organic crystal packing, 25 we did not apply the force field approach. Instead, we used the pure electronic structure methods for the extended models although at the semiempirical level. One should notice that the PM3 method gives good agreement with the DFT calculations including the B3LYP/6-31þþG(d,p) calculations as it was demonstrated in our recent study by comparison of DFT and PM3 calculated energies of 25 proton disordered structures (which were the most favorable ones from a whole set of 789 structures) of cluster (H 2 O) 11 . 21 Another semiempirical method AM1 was also tested in the current work. However, the geometry optimization gives a strong deformation of the equilibrium cluster structure. Because of the fact that it is assumed that the water ice has a well-defined structure at temperatures below 180 K, 2,26 the AM1 method was rejected.
The BLYP/6-31þþG(d,p) level of theory was used in all the geometry optimizations for the complexes (H 2 O) 48 , (H 2 O) 56 and for some structures of (H 2 O) 72 . The validity of this theory level was additionally tested by the geometry optimization in the extended basis set (BLYP/6-311þþG(2d,2p)) performed for the MHP 3 (H 2 O) 48 adsorption complex on the (0001) plane. As it will be shown below, both basis sets give comparable results. For larger clusters, however, the BLYP/6-31þþG(d,p) level was impractical, and the special coarser density grid (corresponding to the Gaussian03 command "blyp/6-31þþG(d,p)/auto denfit int=(grid=sg1)") was used for the complexes with (H 2 O) 72 . This theory level was also used in the frequency calculations.
On the basis of the calculated frequencies, several important thermodynamic quantities can be estimated. Here, we calculated the zero-temperature enthalpy of adsorption as a sum of adsorption and zero-point energies. During the thermodynamic calculations, the contributions from the fixed boundary atoms (negative and very low frequencies) were eliminated in such a manner to keep the correct relationship between the vibrational mode numbers in the source cluster, adsorbed molecule, and adsorption complex (N ice þ N MHP þ 6 = N complex ). Because the low frequency modes give the low contributions to the enthalpy, it is believed that the elimination of these frequencies has only a small effect on the enthalpy.
Instead of probing only several adsorption sites on the surface proposed on the basis of chemical intuition or random selection, we tried to perform the most comprehensive exploration of as many as possible adsorption sites feasible on different surface planes of the ice crystal and the defects formed due to the intrusion of MHP into the ice crystal. To do that, a special computer code was used to explore the most promising starting points for the DFT optimization. The program was placing the MHP molecule in the different sites of the cluster surface selected by means of a special plan to explore the various probable coordination sites: dangling H and O atoms, H-bond midpoints, voids between the atoms (the sites which were explored are marked in Figure2 by dashed arrows). In each site, the molecule The Journal of Physical Chemistry C ARTICLE was rotated by Euler angles to cover uniformly all of the possible orientations of the molecule. For each site, we tested 20À32 different orientations additionally augmented in some cases by the different conformations (cis-and trans-) of the MHP molecule itself. It should be noted that, in all of the studied cases, the cisconformation resulted in less stable adsorption complexes except in cases where it was rearranged during the optimization to the trans-structure. Because the number of adsorption sites studied for each cluster was typically from four to six, the complete number of the explored starting points for the optimization was 128À192 for each surface plane. Each of the constructed structures was automatically optimized then with the PM3 method and the obtained energy distribution of the optimized structures was used to select the most promising starting points for the DFT optimization.
In the same manner, we explored the intrusion of the MHP molecule into the crystalline lattice. Two different modes of incorporation were explored: intrusion into the interstitial space (cage) of the ice cluster, and the substitution of one of the H 2 O molecules in a crystalline node (three different sites of the upper bilayer and two sites of the second bilayer were explored). Thus, in total about 128 different modes of the MHP intrusion were explored.
The PM3 optimization of the starting structures typically resulted in several classes of the structures distinguished by the coordination energies. The typical distribution of the preliminarily optimized structures (obtained for the (H 2 O) 48 cluster of (0001) surface) is shown in Figure3. It can be seen that there is a rather significant energy difference between the most favorable and other structures. Among the most favorable structures, only one or two different kinds of structures were typically present. Therefore, only one or two most energetically favorable structures were selected from the whole set and their optimization was performed at the BLYP/6-31þþG(d,p) level. In all of the clusters, all water molecules were completely free during the geometry optimization except the molecules at the side and bottom cluster borders. The border molecules were those which form fewer than 4 hydrogen bonds except the molecules at the upper plane of clusters.
All quantum chemical calculations were performed with the Gaussian03 27 and PCÀGAMESS/Firefly 28,29 software for the structure optimizations on the DFT and PM3 levels. Original programs were used for the structure construction and selection. The Table 1 ). The additional optimization at the better theoretical level (BLYP/311þþG(2d,2p)) results in quite similar geometry with only a slightly lower energy value of À39.8 kJ mol À1 . The conformation of the adsorption complex is quite similar to the structure obtained in the preliminary PM3 optimization. Another favorable conformation of the adsorption complex (higher in energy by 1.2 kJ mol À1 ) selected on the basis of the PM3 optimization was not reproduced in the DFT calculation. During the optimization of this structure, it was rearranged to the structure similar to the most favorable one.
To test the validity of the adsorption energy value obtained with the (H 2 O) 48 cluster, we repeated the PM3 optimization of the most stable structure found in the preliminary search using the extending cluster series (H 2 O) 48 , (H 2 O) 192 , (H 2 O) 216 (Figure1). The first one was the same cluster as in DFT optimization, the second one represented the slab extended in the horizontal plane, and the last one was the cluster extended both in depth and side The Journal of Physical Chemistry C ARTICLE directions. The energy of adsorption is given in Table 2 . As one can see from the table, the extension of clusters results in only small changes in adsorption energy.
Adsorption on the (1010) Surface. Adsorption on the (1010) surface is the coordination in the valleys between parallel ridges formed by (H 2 O) 6 fragments. The energy of adsorption is determined by the terminal groups located on the tops of the opposite ridges. The distribution of these groups are dependent on the proton disordering in the crystal ice. Thus, in this work it is determined by the Pisani's P-ice model. For this model, the dangling H and O atoms form the alternate rows on the tops of ridges. This is similar to the (0001) surface ordering and also is in agreement with the idea of the Fletcher phase. 19, 20 For such a structure (part b of Figure3), the DFT-optimized coordination energy (BSSE-corrected) of the most stable conformation of MHP 3 (H 2 O) 56 complex is À53.7 kJ mol À1 . This value is remarkably higher than the corresponding coordination energy on the basal plane (À45.3 kJ mol À1 ). As in the case of (0001) surface, the calculations of the extended clusters (H 2 O) 56 , (H 2 O) 108 , and (H 2 O) 216 show that the results are quite stable relative to the extension of the cluster size. During the cluster size variation, the energy changes are less than 3 kJ mol À1 (Table 2) . Adsorption on the (1120) Surface. Results of the preliminary exploration of the adsorption structures show that two significantly different modes of adsorption are feasible on the (1120) surface. The first one is the position between two walls formed by six water molecules and the second one À on the top of wall. The PM3 energy of adsorption on the wall is significantly lower than at the position between the walls (about 31 and 20 kJ mol The Journal of Physical Chemistry C ARTICLE dependent on whether the OCH 3 group is dangling outside or built-in into the surface (with coordination of a second oxygen atom). During the preliminary exploration performed with the (H 2 O) 72 cluster, the most favorable coordination site was always dH with dangling OCH 3 fragments. The structures shown in Figure 5 demonstrate the most favorable structures optimized at the BLYP/6-31þþG(d,p) level. The energies relatively to the uncoordinated species are positive at both DFT and PM3 levels for the clusters of any considered size. For the structure shown in part b of Figure 5 (substitution at the dangling H site) it gives 8.7 kJ mol
À1
, for site part c of Figure 5 (substitution at the dangling O site) it yields 27.1 kJ mol À1 . It is interesting that the corresponding energies of incorporation calculated for the relaxed defective clusters, that is the optimized clusters with one H 2 O molecule removed from the site of MHP incorporation, were highly negative (see the values of Table 1 given in parentheses).
Intrusion of MHP into the Interstitial Cage. Intrusion of MHP was modeled with the cluster (H 2 O) 72 for all of the intrusion modes because this is the minimal structure having two bilayers of unfixed water molecules inside the cluster. This also provides the proper structure for the interstitial intrusion if the MHP molecule is placed into the cage between two upper bilayers. To reduce the computation time, the regular DFT calculations were augmented with the calculations using the coarser density grid as described in the section Surface models and theoretical methods. Both of these different modes resulted in similar geometry parameters and incorporation energies.
It was found that the location of MHP molecules in the interstitial cage results in a significant increase in energy relative to the free cluster. Although there are several possible stable structures, all of them are unfavorable from the energetic point of view in comparison with the surface adsorption. The most stable conformation is characterized by the 42.5 kJ mol À1 increase of energy relatively to the free molecule and cluster ( 216 cluster. In some optimized structures, the MHP molecule was pushed out to the surface breaking up the upper layer. However, even if the cluster structure was kept intact the energy was quite unfavorable for the interstitial incorporation.
Incorporation of MHP into the Deeper Layers of the Water
Ice Crystal with Substitution of One H 2 O Molecule. The incorporation of MHP into the second and deeper layers of the ice crystal cannot be modeled with the minimal clusters (H 2 O) 48 or (H 2 O) 56 because atoms of the second layer are fixed in crystalline positions. The energy of such kind of incorporation was estimated using the cluster (H 2 O) 72 . The DFT calculations were carried out using the coarser density grid. For all of the optimized models, the substitution of the second layer H 2 O molecule with MHP was quite unfavorable. The estimated energies of incorporation were higher with about 90 kJ mol À1 (Table 1) , and the most stable structure is shown in part b of Figure6. The corresponding PM3 values are also positive although significantly lower (46 kJ mol À1 ). The influence of the cluster extension is only minor (Table 2) .
Vibrational Frequencies. Frequency calculations carried out for (H 2 O) 48 and (H 2 O) 56 clusters with the MHP molecules adsorbed on different crystal planes demonstrate that there should be no new intense bands or remarkable band shifts in the spectral range between 1000 and 3600 cm À1 . All of the new bands due to the MHP adsorption are masked by the broad bands of ice. However, the calculations show that the low-frequency wing of The Journal of Physical Chemistry C ARTICLE the ice band in the region 2700À2900 cm À1 can undergo rather significant reshaping (accompanied with simultaneous growth of intensity near 3100 cm À1 ) due to the MHP adsorption on the (0001) plane (part a of Figure 7) . At the same time, adsorption on the (1010) plane should result in significant reshaping of the ice band (increasing intensity) around 3000 cm À1 (part b of Figure7). If this reshaping would be observed in the experiment, it could serve as a measure of adsorption on different planes of the ice crystal. The (1120) adsorption gives no remarkable changes in IR spectra (part c of Figure7).
' DISCUSSION
The data of Table 2 show that the minimal clusters (H 2 O) 48 and (H 2 O) 56 are already large enough to sufficiently describe the crystal environment effects for the adsorption modes. However, they are not suitable for the modeling of the intrusion and the second layer substitution modes. For such purposes, the cluster (H 2 O) 72 seems to be a good model although probably not the minimal one.
On the basis of the data from Tables 1 and 2 , we can establish the energetic series of the MHP interaction with the crystalline ice particles (from the most to the less favorable structures):
Comparison with the available experimental data and theoretical estimates of other authors shows that the adsorption energy of the free MHP molecules on different surfaces is close to the typical enthalpies of the ice Ih sublimation: 31 Δ subl H ranges from 47 (T = 0 K) to 56 kJ mol À1 (T = 273 K). At the same time, the energy of MHP incorporated into the ice crystal (both in interstitial and node positions) is remarkably higher than the energy of MHP in liquid water. 8À10 In particular, the positive values of 42À57 kJ mol À1 obtained here for the interstitial intrusion is in sharp contrast with the Δ sol H 0 (298) value for the MHP solution in water (À43.6 kJ mol À1 ) measured by O'Sullivan et el. 8 (It should be noted that in ref 8 Δ sol H 0 (298) is given as þ43.6 kJ mol À1 , however, the graphical dependence of the Henry's law constant on 1/T shows that the value should be negative). It can be explained by the fact that the solute environment in liquid water is quite different from the crystalline structure. Thus, the incorporation of MHP into the ice crystal at higher temperatures should result in a significant reconstruction of the closest environment that could be observed in the MD or MC studies. This also corresponds to the results of recent quantum chemical studies of acetone incorporation into the ice crystal 25, 32 where the positive energies were obtained even for the substitution of several water molecules.
At the BLYP level, the most favorable adsorption complexes are formed at the (1010) plane. The MHP molecule at this coordination mode forms two virtually equal H-bonds between the OOH group and the neighboring dangling OH and dangling O surface groups. These two groups are located close to each other and allow the formation of two H-bonds equal in bond lengths and energies. In other cases, the H-bonds O 3 3 3 HÀO-(OMe) 3 3 3 H formed between the OOH group and the surface H and O atoms are not equal in length: O(OMe) 3 3 3 H is remarkably longer. This probably results in a remarkable decrease of adsorption energy. The calculations show that the formation of the H-bonded adsorption complexes with dangling H-atom of MHP (H 3 3 3 O(H)O(Me) 3 3 3 H) is quite unfavorable.
It is interesting to consider the structures of adsorption complexes and the cause of stronger binding in the case of (1010) adsorption. Earlier, 33, 34 it was demonstrated that the energy of The Journal of Physical Chemistry C ARTICLE adsorption complexes of ethanol at the ice (0001) surface correlates well with the numbers of short and long hydrogen bonds formed between admolecule and surface. However, the structures shown in Figure4 have the same numbers of H-bonds (two short ones and single long one) and cannot be discriminated in such a simple manner. More generally, we can consider the O 3 3 3 H contact as an H-bond when the O 3 3 3 H distance is less than the preset threshold r max . If r max is chosen as 2.0 Å, the numbers of H-bonds N HB formed at (0001), (1010), and (1120) surfaces equals to 1, 2, 2, respectively. Similarly, if r max = 2.5 Å then N HB = 3, 2, 3, and if r max = 3.0 Å, then N HB = 3, 3, 6. These values poorly correlate with the data of Table 1 . Thus, there is no significant correlation between N HB and the DFT calculated adsorption energies on the basis of the simple H-bonds count. The good correlation between the binding energy and the adsorption complex structure was found for the empirical expression involving the H-bond lengths:
Here r i are three H-bond lengths r(O 3 3 3 H) between the MHP and water molecules shown in Figure 4 , E b = À(ΔE þ BSSE) À the BSSE corrected binding energy calculated by DFT (Table 1) The energy of substitution of the water molecules in the upper surface layer by the adsorbed MHP molecule is positive. On the basis of the data from Table 1 is estimated to be 13.6 kJ mol À1 . We conclude that the interaction of the MHP molecules with ice particles in the middle atmosphere is completely restricted by the surface adsorption without any remarkable diffusion of MHP into the ice crystal body. Any remarkable enrichment of the ice particles by MHP can take place only at the special atmospheric condition of fast ice particle growth when the adsorbed MHP molecules are buried by the new layers of the condensed water.
Because the MHP molecule is located at the ice surface or incorporated into the upper layers of the ice crystal under conditions of the middle atmosphere, the MHP coordinated on the ice particles is open for the direct reactions with other reactive species that attack the ice surface from the gas phase. It also means that the coordinated MHP molecule is available for direct photolysis, that is primary photochemical reactions should be initiated already with source photons and not from the photons dissipated by the crystal lattice.
In contrast with the coordination in the unconstrained clusters, 15 the most favorable MHP incorporation complex (MHP at dH site, part b of Figure 5 ) is coordinated with a dangling OCH 3 fragment with only a small participation of the second O atom in the hydrogen bonds. The remarkable participation of the second oxygen in the MHPÀsurface coordination takes place only at the dO site (part c of Figure 5 ), which is significantly higher in energy. Table 2 shown in parentheses). In the second case, this process is highly exothermic and probably characterizes the conditions of the fast nonequilibrium co-condensation. Such a model is rarely used for the conditions of upper atmospheric layers. Thus, it is believed that more reliable estimates are those shown in Table 2 without parentheses. Independently on the method of the binding energy estimation, the data show that the incorporation into the surface layer at the dO site is much less preferable than the similar process at the dH site.
' CONCLUSIONS
The adsorption of the MHP molecule on different sites of the hexagonal water ice crystal has been studied using the H 2 O clusters of various size and structure. The results obtained allow drawing the following conclusions:
1 The maximum binding energy of the MHP adsorption on the ice-like clusters is about 54 kJ mol À1 with typical values on the order of 40À54 kJ mol À1 depending on the site and surface plane. The adsorption on different planes results in remarkable differences in the binding energy: 55À60 kJ mol -311þþG(2d,2p) ). 2 The zero-temperature adsorption enthalpies range from À36 kJ mol À1 (adsorption on (0001) and (1120) surfaces) to À47 kJ mol À1 (on the (1010) plane). These values are close to the experimental values of zero-temperature sublimation enthalpy of ice Ih (47 kJ mol À1 ) 31 and the enthalpy of solution of MHP in water (À43.6 kJ mol À1 ). 8 56 with those obtained for the larger models shows that DFT within the cluster approximation is a model good enough to be used on its own without any corrections for the environmental effects of the remaining part of the ice crystal. These clusters permit already a good presentation of the different coordination modes and demonstrate quite good agreement in comparison with the extended models. Extension of the models with clusters containing up to 216 water molecules does not result in significant changes of the coordination energy.
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